A heterocyst is a terminally differentiated cell of cyanobacteria which is specialized in dinitrogen fixation. Heterocyst differentiation in Anabaena sp. strain PCC 7120 is triggered by deprivation of combined nitrogen in the medium. Although various genes that are upregulated during heterocyst differentiation have been reported, most studies to date were limited to individual or a small number of genes. We prepared microarrays in collaboration with other members of the Anabaena Genome Project. Here we report on the genome-wide expression analysis of the responses to nitrogen deprivation in Anabaena. Many unidentified genes, as well as previously known genes, were found to be upregulated by nitrogen deprivation at various time points. Three main profiles of gene expression were found: genes expressed transiently at an early stage (1-3 hr) of nitrogen deprivation, genes expressed transiently at a later stage (8 hr), and genes expressed when heterocysts are formed (24 hr). We also noted that many of the upregulated genes were physically clustered to form 'expressed islands' on the chromosome. Namely, large, continuous genomic regions containing many genes were upregulated in a coordinated manner. This suggests a mechanism of global regulation of gene expression that involves chromosomal structure, which is reminiscent of eukaryotic chromatin remodelling. The possible implications of this global regulation are discussed.
Introduction
Differentiation of heterocysts in cyanobacteria provides a unique system of studying prokaryotic cell differentiation as well as a vast resource of biologically utilizable nitrogen to the global ecosystem. The function of the heterocyst is the fixation of dinitrogen, and cyanobacteria are one of the major nitrogen fixers in the biosphere. Heterocystous cyanobacteria such as Anabaena sp. strain PCC 7120 (hereafter referred to as Anabaena), also called Nostoc sp. strain PCC 7120, grow as linear multicellular filaments. Upon limitation of combined nitrogen in the medium, heterocysts are formed with a regular spacing of 10-15 cells. [1] [2] [3] Although nitrogen fixation is also performed by various bacteria as well as non-heterocyst-forming cyanobacteria, the heterocysts provide a unique system of studying induction of nitrogen fixation by nutritional limitation. This induction is
Communicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-48-858-3623, Fax. +81-48-858-3384, E-mail: naokisat@molbiol. saitama-u.ac.jp not just induction of enzymes, but involves a complex series of coordinated cellular processes leading to the differentiation of heterocysts. A cascade-like activation of genes related to cell differentiation has been well studied in the sporulation of Bacillus subtilis, in which sequential activation of different sigma subunits of RNA polymerase temporally and spatially regulates gene expression. 4 In Anabaena, the genes encoding one principal sigma factor (sigA) and seven group 2 sigma factors (sigB, C, D, E, F, G, and H) have been identified. [5] [6] [7] Five of the seven group 2 sigma factors have been inactivated, but there is no evidence that they contribute to heterocyst differentiation. The mechanism of regulation of gene expression during heterocyst differentiation appears to differ from that during sporulation in B. subtilis.
Detailed analysis in the process of heterocyst differentiation dates back half a century.be identified. Several techniques including transposon tagging and chemical mutagenesis have been used to identify the genes involved in or regulating the differentiation process. 11, 12 One such gene, hetR, is essential for heterocyst differentiation. Extra copies of hetR result in ectopic differentiation even when the supply of combined nitrogen is not limited, and multiple contiguous heterocysts are formed on nitrogen-deficient media. 13 The level of hetR transcripts increases within 30 min after nitrogen deprivation.
14 Induction of hetR is dependent on the global nitrogen regulator NtcA. 15 NtcA is known to regulate the expression of genes related to the function and structure of heterocysts such as hetC, petH, and devBCA, [16] [17] [18] and is essential for heterocyst differentiation. 15, 19 Thus, a number of genes are expressed in an ordered sequence such that expression at one stage depends on the genes expressed at a previous stage during heterocyst differentiation.
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As the complete genomic sequences of many organisms have been determined, DNA microarrays have been used to monitor the expression of thousands of genes simultaneously. 21 In the cyanobacterium Synechocystis sp. PCC 6803, DNA microarray analysis has been carried out to unravel responses to high light, 22 low temperature, 23 light-to-dark transition, 24 salt and osmotic stress, 25 and to survey the target genes for SYCRP1, a cyanobacterial cAMP receptor protein. 26 Response to change in nitrogen nutrition has also been analyzed in plants. 27, 28 Gene expression patterns during cell differentiation, such as shoot development in Arabidopsis thaliana 29 and sporulation in yeast, 30, 31 have been reported. The complete genomic sequence of Anabaena has been determined 32 and a research group including the present authors has prepared a custom-made microarray (N. Sato et al. under submission) .
To unravel the temporal and spatial changes in gene expression during heterocyst differentiation, we carried out DNA microarray analysis. These analyses allowed us to identify previously uncharacterized genes that are upregualted by nitrogen deprivation and upregulated in heterocysts. In addition, we found that large, continuous genomic regions were regulated simultaneously during heterocyst differentiation. This suggests a mechanism of global regulation of gene expression that involves chromosomal structure. The possible implications of this global regulation are discussed.
Materials and Methods

Strain and growth conditions
Anabaena sp. strain PCC 7120 was grown at 32
• C in the light (50 µE m −2 s −1 ) in the BG-11 medium, 33 buffered with 5 mM N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid (HEPES)-NaOH (pH 7.5). Liquid culture was bubbled with air containing 1.0% (v/v) CO 2 .
For time course studies, a 0.6-liter culture in the mid-log phase grown in the BG-11 medium (containing 17.6 mM NaNO 3 as a nitrogen source) was supplemented with 1 mM ammonium chloride then grown for 12 hr. Then the cells in a 100-ml culture were collected by centrifugation (zero time). In each cell harvest, cells in the culture medium were mixed with an equal volume of ice-cold ethanol containing 5% phenol to kill them rapidly and to eliminate additional effects during centrifugation.
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Then, the cells were collected by centrifugation at 4
• C, rapidly frozen in liquid nitrogen, and stored at −80
• C until isolation of RNA. The remaining culture was divided into two portions, and the cells were collected by centrifugation at room temperature. The cells in each 250 ml portion were washed with the BG-11 0 medium (BG-11 medium lacking nitrate), and resuspended in the original volume of BG-11 or BG-11 0 medium. For each time point, cells in a 100-ml culture were collected by centrifugation as described above.
Preparation of heterocyst-enriched fraction
The heterocyst-enriched fraction was obtained from heterocyst-induced cell filaments essentially as described previously.
35 Filaments in the late-log phase were induced to heterocyst differentiation in BG-11 0 medium for 48 hr. One-fifth of the induced filaments were set aside for the isolation of RNA from the whole filaments. The remaining cells were used to prepare a heterocyst-enriched fraction. Vegetative cells were broken through a French pressure cell. Microscopic examination indicated that about 80% of the cells in the heterocyst-enriched fraction were heterocysts.
Preparation of fluorescent probes
RNA was extracted from the harvested cells as described previously 34 and purified by ultracentrifugation. Single-stranded cDNA was prepared in the presence of Cy3-dUTP or Cy5-dUTP (Amersham Biosciences, NJ, USA). At first, a mixture of RNA and random primer (Invitrogen, CA, USA) was heated to 70
• C for 5 min, and then rapidly chilled on ice. The reverse transcription was performed in a 20-µl volume containing 20 µg RNA, 50 µM random primer, 10 mM dithiothreitol (DTT), 500 µM each of dATP, dCTP, and dGTP, 200 µM dTTP, 100 µM Cy3-dUTP or Cy5-dUTP, 25 U of RNAguard (Amersham Biosciences), and 200 U of Superscript II (Invitrogen) in 1 × first-strand buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl 2 , pH 8.3). The mixture was incubated at 42
• C for 1 hr. Then, 200 U of Superscript II was added and the mixture was incubated for another hour. The enzyme was inactivated at 70
• C for 10 min. The reaction products of two reactions (one with Cy3 labeling and the other with Cy5 labeling) were combined. Unincorporated fluorescent nucleotides were removed by QIAquick PCR purification kit (Qiagen, Hilden, Germany). The cDNA solution (29 µl) was added to 10 µl of 20×SSC (1×SSC is 0.15 M NaCl and 0.015 M sodium citrate), and then denatured at 95
• C for 2 min. The mixture was allowed to cool at room temperature, and then mixed with 1 µl of 20% SDS.
DNA microarray analysis
The fluorescent cDNA solution was applied to a glass microarray slide and the slide was covered with a cover slip. The glass slide was placed in an ArrayIt hybridization cassette (TeleChem International, CA, USA) which was subsequently incubated for 12 to 15 hr in a water bath at 65
• C. After hybridization, the glass slide was washed three times in 2 × SSC, 0.2% SDS at room temperature for 10 min each, three times in 0.2 × SSC, 0.2% SDS at room temperature for 10 min each, and three times in 0.2 × SSC, 0.2% SDS at 60
• C for 10 min each. To eliminate SDS, the glass slide was washed two times in 0.2 × SSC at room temperature for 5 min each, and finally dried by gentle centrifugation. The glass slide was scanned with a scanning laser microscope (ScanArray 4000; GSI Lumonics, Ottawa, Canada) at a resolution of 10 µm per pixel. Data analysis was performed using the ArrayVision software (ver. 6.0; Imaging Research, Ont, Canada).
The relative ratio for each DNA segment was defined as normalized fluorescence intensity for each DNA segment at each time point relative to that at the zero time. The relative ratio in the base-2 logarithm was assessed to be significantly different from zero by applying t-test at a significance level of 1%. In the evaluation of significance level by the t-test, the average standard deviation of relative ratio for all DNA segments at each time point was used in place of the actual standard deviation when the actual one was smaller than the average one. Any DNA segment for which the relative ratio was significantly different from zero was judged to be either upregulated or downregulated.
RNA gel blot analysis
RNA gel blot analysis was performed essentially as described previously with digoxigenin-labeled DNA probes. 34 Each DNA probe was prepared by PCR with a set of specific primers, which were designed based on the nucleotide sequence in the CyanoBase database (http://www.kazusa.or.jp/cyano/).
Results
Construction of DNA microarray for the genome
of Anabaena sp. PCC 7120 To construct a microarray that covers the whole genomic sequence, we selected 2407 clones from the sequencing clones that had been used for the assembly of genomic sequences at the Kazusa DNA Research Institute. 32 Each of the selected clones bore an insert of approximately 3 kbp, containing one to eight open reading frames (ORFs) of various sizes. The selection was made in such a way that each clone overlapped another clone on each end. To ensure reproducibility of the microarray analysis, amplified DNA fragments were arrayed in duplicate on each glass slide. The microarray used in the present study covered about 90% of the whole chromosomal sequence. We used only the sequences of the main chromosome, because of the limitation in the arrayer that we originally planned to use.
A typical result indicating the reliability of the microarray analysis is shown in Figure 1A . Cy3-and Cy5-labeled cDNAs were prepared from a single preparation of total RNA that had been isolated from the cells grown in the standard condition, and then they were mixed and hybridized to a microarray. Each data point represents the average of fluorescence intensities for each DNA segment arrayed in duplicate. The background was estimated from the average intensity over a rectangular outline with a 2-pixel width surrounding each circular spot, and was subtracted from the intensity for each DNA segment. The normalization of fluorescence intensity was made in such a way that the sum of the corrected intensities of Cy3-and Cy5-labeled cDNAs for all DNA segments were equalized, and the average of intensity was defined as unity. The normalized fluorescence intensity for each DNA segment was greater than 0.04, while the average fluorescence intensity of the background was 0.009. The data points aligned on the diagonal with low deviation and confined between the two reference lines, which corresponded to a twofold difference. A few data points were outside the two reference lines. In general, these data resulted from the DNA segments of which the duplicated spots differed significantly in intensity owing to incomplete washing. In further analysis, we excluded data from DNA segments for which the duplicated spots differed in intensity by more than twofold. The normalized fluorescence intensities for 27 DNA segments were smaller than 0.01, a level equivalent to the background. In these cases, an insufficient amount of DNA was loaded on the glass slide, because of failure in the PCR amplification of DNA. Such DNA segments were also excluded from further analysis.
Global changes in gene expression after nitrogen
deprivation We used DNA microarrays to unravel global changes in gene expression after nitrogen deprivation. RNA was isolated from the whole filaments of cells that had been subjected to 0, 1, 3, 8, and 24 hr of nitrogen deprivation and were then used to generate fluorescently labeled cDNA. The relative ratio was calculated for the zero-time sample compared with each time-point sample. The experiment was carried out three times with independently grown cultures with different combination of Cy dyes. Thus, the relative ratio for each DNA segment is represented by six measurements. We assessed if these relative ratios in the base-2 logarithm were significantly different from zero by applying the t-test at a significance level of 1%.
We first examined the expression of the hetR and ntcA genes, which encode heterocyst differentiation regulatory protein HetR and global nitrogen regulator NtcA, respectively, to confirm that the cells used in this series of experiments correctly represent cells deprived of combined nitrogen. Expression of hetR slightly increased at the third hour from the start of nitrogen deprivation and its increase was maximal at the eighth hour (Figure 2A) . Transcripts of ntcA were barely detectable by the third hour but very prominent at the eighth hour. These results are consistent with the results of a previous report 36 and indicate that the cells used in this experiment underwent nitrogen starvation.
Deprivation of combined nitrogen for 24 hr had a dramatic effect on the expression of many genes ( Figure 1B) . Especially, the fluorescence intensity for DNA segment containing the nitrogen fixation genes nifUHD was high after nitrogen deprivation ( Figure 3A , outer major circle in red), while it was very low when provided with combined nitrogen ( Figure 3A , middle major circle in blue). Figure 3A is a 'GenoMap' representation of the fluorescence intensity for each DNA segment as a function of its position within the genome. 37 The fluorescence intensities for DNA segments containing the atp genes (encoding ATP synthase subunits), the rbcLS genes (encoding ribulose 1,5-bisphosphate carboxylase/oxygenase large and small subunits, respectively), and genes related to transcription and translation such as rpl, rps, rpoA, infAB, and nusA were high in a manner independent of the nitrogen status. Of the 2380 DNA segments (after excluding the 27 segments for which fluorescence was always faint), expression of 126 DNA segments increased and that of 44 DNA segments decreased at the 24 th hour after the start of nitrogen deprivation, based on the result of the t-test ( Figure 3B ).
Our microarray contains multiple ORFs in each DNA segment. The changes in expression of individual ORFs were then analyzed by RNA gel blot analysis to identify new genes upregulated by nitrogen deprivation. DNA segment 3-1-5-5, in which expression increased by 12.0-fold (marked 'a' in Figure 3B ), contained three ORFs, all0473 (encoding a hypothetical protein), alr0474 (encoding a hypothetical protein), and all0475 (encoding a putative oxidoreductase) ( Figure 4A ). The results indicated that all0473 and all0475 were upregulated by nitrogen deprivation. The all0473-specific probe detected a smear of RNA below 1.3 kb. A band at 0.6 kb was considered to be an artifact caused by the dense band of the endonucleolytic fragment of 23S rRNA.
38 alr1174, encoding a rubrerythrin, which is a non-haem iron protein implicated in oxidative stress protection in anaerobic bacteria, 39 was included in two DNA segments, 2-1-5-10 and 7-2-5-9, both of which showed increased expression by 2.2-fold and 2.7-fold, respectively (marked 'b' in Figure 3B , and Figure 4B ). alr1174 was, indeed, upregulated by nitrogen deprivation. Interestingly, the size of the transcripts varied with the nitrogen status of the cell. all1173 (encoding a DNA-binding protein similar to Dps in Escherichia coli) was also upregulated. DNA segment 4-1-1-6, which showed increased expression by 1.9-fold (marked 'c' in Figure 3B ), contained two ORFs, all1088 (encoding a two-component sensor histidine kinase) and all1089 (encoding a hypothetical protein) ( Figure 4C ). all1089 was upregulated by nitrogen deprivation. A band at 1.3 kb was considered to be an artifact caused by interference during the electrophoresis caused by the dense band of rRNA of 1.5 kb, and a transcript of 1.6 kb would be a mature transcript. The expression level of all1088 was under the detection limit. The level of at least one transcript actually changed in 34 of 39 DNA segments in which expression was judged to have changed. These results indicate that the expression of at least one ORF is actually increased or decreased in each DNA segment that is judged to be upregulated or downregulated at a significance level of 1%.
Genes upregulated by nitrogen deprivation are clustered to form 'expressed islands' on the chromosome
The genes upregulated by nitrogen deprivation were distributed throughout the genome, while there were continuous genomic regions upregulated simultaneously to form 'expressed islands' ( Figure 3B ). Among these, the large expressed island around position 3.45 Mb encompassed a 28-kb region, which contained 8 DNA segments upregulated by nitrogen deprivation ( Figure 5A , and No. 10 in Table 1 ). This region contained 21 ORFs, alr2823 to all2843, including hepA (encoding an ABC transporter, which is required for the synthesis of polysaccharide layer of heterocyst envelope) and hepC (encoding a protein similar to glycosyltransferase) genes. 40 Most of these ORFs encode proteins related to carbohydrate metabolism, presumably involved in the synthesis of the polysaccharide layer within the heterocyst envelope. The results of RNA blot analysis indicated that these ORFs were actually induced by nitrogen deprivation ( Figure 5A ). Each probe detected a smear of RNA, which was too large in size to be transcribed as a monocistronic transcript, and the pattern of detected signals resembled signals between nearby ORFs. Thus, this 'expressed island' consists of several transcription units.
Genes related to nitrogen fixation around position 1.70 Mb also constituted an expressed island ( Figure 5B , and No. 17 in Table 1 ). This region contains two excision elements (also known as 'excisons') that are removed from the chromosome late during heterocyst The increase ratio in the base-10 logarithm for each DNA segment at the 24 th hour of nitrogen deprivation is shown in the outer circle and the decrease ratio is in the inner circle. DNA segments judged as being upregulated are showed in red and those judged as being downregulated are in blue, while the data without significant changes (p > 0.01 by t-test) are shown in gray. fdxH-nifB, all2511-all2528, alr2823-alr2843, and all5343-alr5360 indicate ORFs contained in each expressed island. DNA segments that have been subjected to RNA gel blot analysis in Figure 4 are indicated by Symbols a, b, and c. (C) The increase ratio in the base-10 logarithm for each DNA segment during the 24 hr growth without combined nitrogen. From the innermost circle towards the outermost circle, the increase ratios at the first, the third, the eighth and the 24 th hour of nitrogen deprivation are shown, respectively. The scale of each circle is fixed to 2.2 in the base-10 logarithm. DNA segments judged as being upregulated at each time point are shown in green, green yellow, orange and red, respectively, while the data without significant changes are shown in gray. DNA segments upregulated by more than 5.0-fold are numbered and listed in Table 1 . DNA segments which have indicated no significant changes in expression by RNA gel blot analysis are marked by filled circles. (D) DNA segments upregulated or downregulated in the heterocysts. The labeled cDNAs prepared from RNA isolated from whole filaments, consisting of vegetative cells and heterocysts, and from heterocyst-enriched fraction were mixed and hybridized to a microarray. The increase ratio in heterocyst-enriched fraction is shown in the outer circle and the decrease ratio is in the inner circle. DNA segments judged as being upregulated are showed in red and those judged as being downregulated are in blue, while the data without significant changes are shown in gray. DNA segments upregulated in heterocysts by more than 3.0-fold and downreglated by more than 2.0-fold are numbered and listed in Table 3 . differentiation. 41, 42 After excision events, these genes are transcribed as several distinct operons, such as nifB-fdxN-nifS-nifU, nifHDK, and hesAB-fdxH. 35, 43, 44 fdxH is also known to be transcribed as a monocistronic transcript. 45 In addition, nifENX is supposed to be transcribed as an operon, because in the soil bacterium Klebsiella pneumoniae, which has a nif gene organization similar to Anabaena, nifENX is transcribed as an operon.
46 Therefore, the expressed island around 1.70 Mb is 23 kb long and contains 17 ORFs, which consists of at least four transcription units, after the excision of two excisons.
Another large expressed island was located around position 6.39 Mb (No. 19 in Table 1 ). This region was 29 kb long and contained 18 ORFs, all5343 to alr5360 including hglE, D, and C genes (each encoding a heterocyst glycolipid synthase) and hetM, N, and I genes (encoding polyketide synthase, ketoacyl reductase and phosphopantetheinyltransferase, respectively). [47] [48] [49] It is indicated that the hetN gene is expressed primarily in heterocysts and is involved in the maintenance of heterocyst spacing. 50 In this region, all ORFs from all5343 to all5347 and from alr5348 to alr5358 (hetN) are oriented in the counter-clockwise and clockwise directions, respectively. Therefore, this expressed island also consists of several transcription units. Moreover, around position 3.02 Mb, there was a small expressed island of heterocysts.
51
Thus, Anabaena responds to the nitrogen deprivation with extensive and dynamic changes in gene expression. Its regulation might involve not only a single gene or transcription unit but also a larger region that we name 'expressed island,' encompassing multiple genes and multiple transcription units that are regulated in a coordinated manner.
Sequential changes in gene expression after nitro-
gen deprivation Of the 2380 DNA segments, 340 DNA segments were upregulated at one or more time points during the 24 hr growth without combined nitrogen ( Figure 3C and Table 1 ). Within 1 hr of nitrogen deprivation, expression in DNA segments including the nir operon (nirA-nrtABCD-narB, which encode nitrite reductase, four subunits of the ABC-type transport system for nitrate and nitrite, and nitrate reductase, respectively) increased by more than 10.0-fold (No. 1 in Figure 3C and Table 1 ). The expression in this operon decreased before the third hour and returned to the basal level at the eighth hour of nitrogen deprivation. At the third hour of nitrogen deprivation, expression in DNA segment 3-3-3-9 containing four ORFs (all2004 to all2007) increased by 5.2-fold (No. 2 in Figure 3C and Table 1 ). The expression in this DNA segment continued to increase until the eighth hour. This change in expression was confirmed by RNA blot analysis ( Figure 2B ). The expression level of all2007 was under the detection limit. Thus, the expression of genes in each DNA segment showed a different time course. The expression pattern for each DNA segment is profiled in Figure 6A . Of the 340 DNA segments that showed increased expression, 331 DNA segments that we were able to get complete data at all time points were used in the profiling of the expression pattern. Expression patterns were classified into three types: cluster 1 in which the expression in each DNA segment increased transiently at an early stage (1-3 hr) and then returned to the basal level (in the presence of ammonium 
a No. corresponds to the number in Figure 3C . ion) by the eighth hour, cluster 2 in which the expression in each DNA segment increased transiently at the eighth hour and then decreased, and cluster 3 in which expression was upregulated at the eighth hour or later and maximal at the 24 th hour among the time points tested. Representative (i.e., highly expressed) DNA segments that fall into each group are summarized in Table 1 .
Most of DNA segments belonging to cluster 1 also showed increased expression when cells were transferred to a medium containing nitrate as the sole nitrogen source from ammonium-containing medium (data not shown). DNA segments including the nir operon belonged to cluster 1. Expression of the nir operon is repressed by ammonium ion and induced by the removal of ammonium ion whether or not nitrate ion is present. Ana, Anabaena-specific homologue groups; Het, homologue groups shared by the heterocyst-forming cyanobacteria, Anabaena and N. punctiforme; All, homologue groups shared by all six species of cyanobacteria; Others, homologue groups not belonging to three organism groups mentioned above.
are not upregulated by nitrogen deprivation but rather are derepressed from repression by ammonium ion.
Cluster 2 included 252 DNA segments. Extensive changes in gene expression were detected at the eighth hour after the start of nitrogen deprivation. A large expressed island around 3.45 Mb appeared at the eighth hour for the first time (No. 10 in Figure 3C ). Cluster 2 included genes required for the heterocyst differentiation, such as ntcA, hetC, and hetP, 15, 19, 53, 54 those required for the formation of the heterocyst envelope, such as hepB, C, hglK, and devBCA, 40, 55, 56 and those required for the full activation of nitrogenase, such as prpA (encoding a protein phosphatase) and pknE (encoding a protein kinase). 57 We still do not know if other unknown genes in this cluster are related to the stress response to nitrogen starvation or to the induction cascade of heterocyst differentiation.
In cluster 3, the genes related to the synthesis of glycolipids of the heterocyst envelope such as hglE, D, and C, and those related to the function of heterocysts such as the nif genes and hupSL (encoding the two subunits of uptake hydrogenase) were included. The result of homology-based grouping of ORFs contained in each cluster is shown in Table 2 . This analysis was carried out based on the result of Sato (2002) . 58 ORFs belonging to groups shared by only the heterocyst-forming cyanobacteria (Het) was 16.8% of total ORFs on the chromosome, while 21.7% of ORFs contained in cluster 3 belonged to the Het group. This indicates that the number of ORFs related to the function and structure of heterocyst increases in cluster 3. In all clusters, the ratio of ORFs belonging to groups shared by all six species of cyanobacteria (All) was greater than that on the chromosome. The responses to nitrogen deprivation would be, at least partially, common in the cyanobacteria.
Genomic regions upregulated in heterocysts
Heterocysts are specialized cells for nitrogen fixation and differ from vegetative cells both physiologically and structurally. As described above, changes in gene expression occurred during the differentiation of heterocysts. We tried to identify the genomic regions that were upregulated in heterocysts by comparing the transcripts from heterocyst-enriched fraction with that from whole filaments consisting of vegetative cells and heterocysts 48 hr after the start of nitrogen deprivation. We chose 48 hr, because heterocysts are mature at this time and are resistant enough to the treatment used for heterocyst isolation. Another reason is that the cells recover normal growth on dinitrogen by 48 hr. In other words, the vegetative cells within the filaments containing heterocysts no longer suffer from nitrogen starvation.
DNA segments upregulated or downregulated in the heterocysts are displayed in a GenoMap in Figure 3D and are listed in Table 3 . Sixty-six DNA segments, which contained 191 ORFs, were upregulated in the heterocysts. Genes known to be expressed mainly in the heterocysts, such as nifHDK, devA, hupL, and coxBACII, 51, [59] [60] [61] were included in the upregulated DNA segments. Three expressed islands around positions 3.02, 1.70, and 6.39 Mb were found to be upregulated in heterocysts (No. 9, 17, and 18 in Table 3 and Figure 3D , respectively). The expressed island around position 3.45 Mb (No. 10 in Table 1 and Figure 3C ) was not upregulated in heterocysts. As this island is thought to be related to the synthesis of the polysaccharide layer of the heterocyst envelope, it would be expressed mainly in the heterocysts or cells in the process of heterocyst differentiation. Its expression was maximal at the eighth hour and then decreased by 4 to 7-fold at 24 th hour (No. 10 in Table 1 ), namely, its expression is higher in cells in the process of heterocyst differentiation, which is not resistant to the treatment used for heterocysts isolation, than in the heterocysts. So, it was not judged to be upregulated in heterocysts compared with whole filaments which included cells in the process of heterocyst differentiation. Forty-three of the 66 DNA segments upregulated in heterocysts were found to be upregulated at one Table 3 . DNA segments that are upregulated or downregulated in heterocysts. DNA segments in which expression increased by more than 3.0-fold and decreased by more than 2.0-fold in heterocysts are listed. 
DNA segment
No. corresponds to the number in Figure 3D . Expressed islands are indicated by bold face. b Cluster in which each DNA segment has been classified in Figure 6 is shown. References indicate evidence for regulated gene expression. TS (this study) indicates DNA segments that have been confirmed to exhibit changed expression by RNA gel blot analysis.
or more time points during the 24 hour growth without combined nitrogen ( Figure 6A ). All but one of them were upregulated at the eighth hour or later after the start of nitrogen deprivation. This suggests that the genes upregulated in the heterocysts had been tightly repressed until the time when they were required, which is later than the eighth hour of nitrogen deprivation. Eight DNA segments, which contained 29 ORFs, were downregulated in the heterocysts. Those included psbV (encoding the cytochrome c 550 ), rbcLS and psbA1 (encoding the D1 protein of photosystem II) (No. 27, 28, and 30 in Table 3 and Figure 3D , respectively). This is consistent with the results of the previous study that the activities of ribulose 1,5-bisphosphate carboxylase and photosystem II in heterocysts are much lower than those in vegetative cells 62 and the promoter of rbcLS is inactive in heterocysts.
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DNA segment 6-3-1-7 was downregulated in the heterocysts by 0.4-fold (No. 29 in Table 3 ), but no ORF known to be downregulated in the heterocysts was contained. Fifty-seven DNA segments were classified into cluster 3 (see above), of which 28 DNA segments were judged to be upregulated in heterocysts at a significance level of 1%. At a significance level of 5%, 40 DNA segments were judged to be upregulated in heterocysts. This suggests that 80%, at least 50%, of ORFs whose expression was maximal at the 24 th hour of nitrogen deprivation were indeed expressed mainly in heterocysts and are likely to be related to the function or structure of heterocysts. The remaining DNA segments were not judged to be either upregulated or downregulated in heterocysts. This means that these DNA segments are upregulated in both vegetative cells and heterocysts by nitrogen deprivation and are related to the general responses to nitrogen starvation. No DNA segments classified into cluster 3 were downregulated in heterocysts.
Discussion
The present study reports an initial attempt to identify genes that are regulated after nitrogen deprivation within the whole genome of a cyanobacterium Anabaena sp. strain PCC 7120. To this end, we prepared a custom-made microarray containing 2407 DNA segments that corresponded to 90% of the whole chromosome of Anabaena (N. Sato et al., under submission). Then, this microarray was hybridized with various fluorescently labeled cDNAs prepared from the RNA isolated from the cells during the course of deprivation of combined nitrogen in the medium. The data indicate clearly that the expression of various genes known to be regulated by nitrogen deprivation was in fact regulated in a manner exactly as expected. In addition, the same data suggest that a number of hitherto unknown genes are also regulated by the same treatment. The functions of most of these newly identified genes are still unknown and are targets of future research. The number of genes that were downregulated during the course of nitrogen deprivation, including various genes mostly involved in photosynthesis, was half of the number of upregulated genes. In addition, the extent of decrease in the expression of these genes was not as large as the extent of increase in the expression of the genes that were upregulated by nitrogen deprivation.
Overview of gene expression during deprivation of
combined nitrogen Of the 2380 DNA segments, 340 DNA segments, containing 1018 ORFs, were judged as being upregulated at one or more time points during the 24 hour growth without combined nitrogen. Based on the results of RNA blot analyses that were performed for 27 ORFs contained in 9 upregulated DNA segments, about 60% of the selected ORFs were upregulated. In other words, about 600 ORFs are estimated to be upregulated by nitrogen deprivation. This value is almost comparable to the value of 400-500 ORFs estimated by Curtis and Hebbar (2001) , 63 who carried out a screen for sequences upregulated during heterocyst differentiation using a library representing approximately 2% of the Anabaena genome. Genes upregulated by nitrogen deprivation were not evenly distributed throughout the genome but formed expressed islands. So our estimated value is a little higher than that of previous report, in which the existence of expressed islands was not taken into consideration. We also identified 171 DNA segments, containing 520 ORFs, that were downregulated. These include genes involved in photosynthesis and carbon dioxide fixation, and those encoding ATP synthase, transporters of sulfate, phosphate and iron, and ribosomal proteins. This indicates that the activity of various metabolic pathways are decreased to maintain a balance of various nutrients under the nitrogen-limited condition.
The time-course experiment showed that the response to nitrogen deprivation in Anabaena can be divided into several phases ( Figure 6 ). First, genes that have been repressed by ammonium ion are derepressed within 1 hr of nitrogen deprivation (cluster 1 in Figure 6A and '1-3 hr' in Figure 6B ). Transporters and metabolic enzymes are induced to use alternate nitrogen sources, such as nitrate. Second, heterocyst differentiation is triggered by nitrogen starvation at about the eighth hour of nitrogen deprivation. Marked changes in gene expression occurred at this phase ( Figure 3C ). Genes required for heterocyst differentiation and related to the function and structure of heterocysts are upregulated, perhaps in the proheterocysts (cluster 2 in Figure 6A and '8 hr' in Figure 6B ). The eighth hour of nitrogen deprivation corresponds to the timing of the commitment to complete heterocyst differentiation. 64 ORFs that play an important role in the determination of the cell fate might be included in the 138 ORFs belonging to the homologue groups shared by the heterocyst-forming cyanobacteria, Anabaena and Nostoc punctiforme ( Table 2) . A lot of ORFs contained in cluster 2 might also be involved in the responses to nitrogen starvation. It is, however, difficult to classify which ORFs are involved in the responses to nitrogen starvation or heterocyst differentiation. A role in heterocyst differentiation cannot be excluded a priori for those ORFs expressed transiently at only the eighth hour of nitrogen deprivation, since the expression of hglK, hetC, and hetP ( Figure 6 ) was found only at the eighth hour. Analysis of the responses to nitrogen starvation in non nitrogen-fixing cyanobacteria such as Synechocystis sp. PCC 6803 would help solve this problem. Finally, genes related to heterocyst function are upregulated in the heterocysts at the 24 th hour of nitrogen deprivation (cluster 3 in Figure 6A and '24 hr' in Figure 6B ). Fifty to 80% of ORFs whose expression was maximal at the 24 th hour were preferentially expressed in heterocysts. Expressed islands were also upregulated in heterocysts. At the 24 th hour of nitrogen deprivation, some ORFs were upregulated in both vegetative cells and heterocysts. These ORFs might play a role in diazotrophic growth.
Expressed islands
We found that many of the upregulated genes were physically clustered in islands on the Anabaena chromosome ( Figure 3B ). We developed a tool called GenoMap, which can conveniently illustrate expression data over the circular chromosome. 37 This tool enabled us to visualize large expressed islands. These regions that we call expressed islands are as long as 30 kb in size and include multiple transcription units (putative operons) (No. 9, 10, 17, and 19 in Table 1 Table 1 ). The expressed island around position 3.02 Mb contains coxBACII, which are expressed specifically in heterocysts, 51 but most of the remaining ORFs have unknown function. As these ORFs belong to the 'Het' category of homologue groups based on the analysis in Table 2 , these would be also related to the heterocyst function. There are a few reports that genes showing a similar expression pattern are clustered on the chromosomes of eukaryotes. 65, 66 The mechanism underlying this regulation remains unknown.
One idea comes from the well-documented mechanism of the regulation of the hepA and hepC genes included in the expressed island around position 3.45 Mb.
40,67 A mutation in hepK, encoding a histidine kinase, blocks induction of hepA and mutations in abp2 and abp3 block expression of hepA and hepC. A large cascade of transcriptional activation might account for the induction of many other genes in the cluster that includes hepA and hepC. However, it is not clear whether this regulatory cascade extends over the whole expressed island around position 3.45 Mb.
Another simple but plausible mechanism regulating the expressed islands involves structural changes in the chromosome. Changes in the chromatin structure associated with activation and silencing of gene expression are of paramount importance during development in eukaryotes. In bacteria, some DNA-binding proteins, such as HU, which is known as heat-unstable nucleoid protein, but is heat stable, 68 IHF (integration host factor) and Dps (DNA-binding protein from starved cells), form a nucleoprotein complex with the chromosome, called a nucleoid, and affect the local as well as global structure of the chromosome. 69 In Anabaena, only two kinds of nucleoid protein are present, namely, four ORFs each encoding putative Dps (all0458, all1173, alr3808, and all4145) and one ORF encoding HU (asr3935) which has been named hanA. 70 Two of the four dps-like genes were upregulated by nitrogen deprivation, but their expression was not confined to heterocysts ( Figure 4B and data not shown). HU was first reported to be present in vegetative cells but not in heterocysts, and was shown to be able to condense the DNA. 71 HU was then found to be essential for the initiation of heterocyst differentiation.
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Based on these findings, the following mechanism could explain the observed expressed islands. In vegetative cells, the chromosome around expressed islands is packed by HU and the expression of these regions is structurally repressed. During heterocyst differentiation, HU is degraded and the structure of the chromosome around expressed islands is destroyed. This structural change enables RNA polymerase and transcription factors to interact with their recognition sequences. Thus, expression of expressed islands is induced in a coordinated manner.
Another possible explanation of expressed islands, among others, is DNA methylation, which provides a mechanism for stably altering the local structure of the chromosome. The degree of methylation is tightly controlled and plays an important role in the cell-specific regulation of gene expression in the cells of higher eukaryotes. 72 In E. coli, it is indicated using microarray that deoxyadenosine methyltransferase (Dam) controls the expression of a large number of genes.
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DNA of Anabaena is resistant to many restriction endonucleases, perhaps due to methylation, 74 and it has been deduced that Anabaena has nine DNA methyltransferases (MTases). 75 Four of them are classified as solitary MTases, which are excluded from a restriction/modification system, and might be involved in the regulation of gene expression. It is shown that mutation of the avaMV gene, encoding a DNA methyltransferase M.AvaV, appears to alter the frequency of heterocysts.
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In vegetative cells, expressed islands might be methylated and their expression is repressed, and this possibility is being tested in our laboratory.
Concluding remarks
In the present study, various genes upregulated by nitrogen deprivation have been identified with a custom-made microarray. The use of microarrays of DNA segments was successful in screening out DNA regions in which gene expression changes drastically during nitrogen deprivation in Anabaena. The genes within the selected DNA segments are individually checked by RNA blot analysis to determine if they are really regulated. This approach largely works well in the identification of nitrogen-regulated genes in Anabaena, as shown in the Results section. There are, however, a number of fortunate situations that led to success. The detection of changes in the expression level of 1 out of 3 or 4 genes within a DNA segment of 3-4 kbp was feasible for the following reasons: (1) The background level was very low in our microarray, mostly due to the tight binding of DNA that allowed stringent washing after hybridization. (2) The genes in Anabaena genome are, unlike the genes in Synechocystis sp. PCC 6803, polycistronic in most cases. (3) The changes in transcript levels caused by nitrogen deprivation were very large, and the changes were mostly upregulation. However, our approach might have failed in detecting positive signals in the following cases. (1) If two genes within a single DNA segment are differently regulated, e.g., one gene is upregulated while another is downregulated, the DNA segment might be recognized as being neither upregulated nor downregulated. (2) The detection limit of weakly expressed genes, such as those encoding regulatory proteins, is likely to be higher in a microarray with DNA segments than in a microarray with gene-specific probes, but we have no definite esti-mate of this disadvantage.
The function of most of the genes that were identified to be regulated by nitrogen deprivation remains unknown. It is important to identify the function of these genes for further understanding of the mechanisms of heterocyst differentiation. A large-scale disruption of genes will be helpful in estimating the function of genes that are upregulated during nitrogen deprivation. In addition, whole-genome expression analysis of various mutants that are known to affect the process of heterocyst formation as well as mutants that are related to nitrogen stress will shed further light on the function of nitrogenregulated genes that were identified in the present study.
